With the capability to change between reflective and transparent states, electrochromic switchable mirrors are expected to have numerous applications in optical devices, electronics devices and new energy-saving windows. If conventional windows can be adapted to incorporate switchable mirror technology, the solar radiation coming into a room could be effectively controlled, owing to features of the reflective state. Conventional windows are often subjected to environmental conditions such as high temperature and humidity. Considering practical use, we investigated the effects of the environment on the optical switching properties of the device in accelerated degradation tests using a thermostat/ humidistat bath at a constant temperature of 313 K and constant relative humidity of 80%. When the device was kept in the bath for 950.4 ks, it lost its optical switching properties. This result was associated with the degradation of the surface layer of the Mg 4 Ni thin film, which became rougher with increasing bath duration. We confirmed that the layer contained species in non-metallic states of oxide and hydroxide. Furthermore, the degradation mechanism to form the mixture state depended on the holding time in the bath.
Introduction
A switchable mirror material based on an yttrium-metal system was first proposed in the 1990s. 1) Furthermore, another switchable mirror material based on a magnesiummetal system was discovered in the 21st century.
2) The optical properties of these materials can be switched between transparent and reflective states via the hydrogenation and dehydrogenation of the films. Potential applications of switchable materials include new energy-saving windows, optical fibers, sensors and electronic devices.
In our group, we have been investigating and developing materials for use in new energy-saving windows. [3] [4] [5] The type of electrochromic (EC) switchable mirror that we have developed consists of all-solid-state thin films, with a multilayer structure of Mg 4 Ni/Pd/Al/Ta 2 O 5 /H x WO 3 /indium tin oxide (ITO) on a transparent substrate of glass or plastic sheet. 5, 6) The layers of Mg 4 Ni, Pd, Al, Ta 2 O 5 , WO 3 and ITO serve as an optical switching, a proton injector, a buffer, a solid electrolyte, an ion storage layer and a transparent conductor, respectively. The typical device on plastic sheet is in the reflective state, and becomes transparent under an applied voltage, as shown in Fig. 1 . When a voltage is applied to the device, the protons in the WO 3 ion storage layer move to the Mg 4 Ni optical switching layer, and the Mg 4 Ni thin film is hydrogenated to form MgH 2 and Mg 2 NiH 4 . The hydrides exhibit higher transparency, switching the device to a transparent state. If the device is used in energy-saving window for houses and buildings, the energy costs of air conditioning in summer will be reduced because the reflective state of the device can reflect solar radiation effectively.
In our recent work, we evaluated the degradation of the optical switching layer of the Mg 4 Ni thin film under various environmental conditions. 7, 8) When the device was kept in open air, its optical switching capability vanished after 7.78 Ms due to the degradation of the Mg 4 Ni thin film surface. 7) However, a detailed analysis of various environmental dependence of the degradation of the device has not yet been conducted, which will be necessary for practical applications, particularly in Japan, which has a temperate climate with distinct seasonal variation. In this work, we investigated the effects of a simulated environment on the optical switching properties of the developed switchable mirror device in accelerated degradation tests using a thermostat/humidistat bath at constant temperature of 313 K and constant relative humidity of 80%.
Experimental

Device fabrication
A WO 3 /ITO/glass (30 mm Â 30 mm Â 1:1 mm, Geomatec Co.) was used as the substrate. First, a 400-nm-thick Ta 2 O 5 thin film was deposited by reactive direct current (dc) magnetron sputtering using a 50.4 mm (2 inch) tantalum metal target with 99.99% purity. The gas mixture ratio of P H 2 =ðP Ar þ P O 2 þ P H 2 Þ was set at 0.22. The protons for changing the state of the device were included in the Ta 2 O 5 thin film.
9) The sputtering power was 70 W, and the working pressure was 0.7 Pa. A 2-nm-thick Al thin film was deposited by dc magnetron sputtering using a 50.4 mm (2 inch) aluminum metal target with 99.99% purity. The sputtering power was 52 W, and the working pressure was 0.65 Pa. Finally, Pd and Mg 4 Ni thin films were prepared by dc magnetron sputtering. A Pd thin film with thickness of 4 nm was deposited by dc magnetron sputtering using a 50.4 mm (2 inch) palladium target with 99.99% purity. Here, the sputtering power was 14 W, and the working pressure was 1.2 Pa. Subsequently, a 40-nm-thick Mg-Ni thin film was deposited on the Pd thin film using co-sputtering of Mg and Ni targets, both of which had 99.99% purity. The sputtering power ratio of Mg/Ni was adjusted to 1.88 in order to form the Mg 4 Ni thin film properly.
3) * Corresponding author, E-mail: k-tajima@aist.go.jp 2.2 Accelerated degradation studies in simulated environment The as-prepared device was kept in a thermostat/humidistat bath (PR-1K, Espec Co.) in order to investigate the effect of environmental conditions on its optical switching properties. Both the temperature and relative humidity in the bath could be controlled to maintain constant values. The details of the test were described in our previous work. 8) In the present study, the temperature was set to 313 K and the relative humidity was set at 80%. These values mimicked typical conditions during the rainy and summer seasons in Japan, as well as the conditions in high-temperature and highhumidity areas elsewhere in the world. The device was kept in the bath for various periods of time.
Characterization of electrochromic switchable
mirror Changes in the optical switching properties of the device were measured with a 670-nm laser diode and a Si photodiode, as shown in Fig. 2 . The electrodes were connected between the Mg 4 Ni and ITO thin films on the device, and the applied voltage was controlled via LabVIEW. The program also measured the change in the reflectance of the device when a voltage was applied. The surface state of the device was evaluated by X-ray photoelectron spectroscopy (XPS; Sigma Probe, Thermo Scientific) with argon sputter etching, as well as by atomic force microscopy (AFM) with optical microscopy (VN-8000, Keyence Co.).
Results and Discussion
Optical switching properties of electrochromic
switchable mirror glass Figure 3 shows the optical switching properties of the device for an applied voltage of AE5 V. When the voltage was applied at the time t ¼ 5 s, the transmittance of the mirror changed from 0.1% (reflective state) to 46% (transparent state) within 15 s, as shown in Fig. 3(a) . At the same time, the reflectance of the mirror changed from the 57% to 16%, as shown in Fig. 3(b) . Subsequently, the dependence of the switching speed on holding time in the bath was investigated. As the bath time increased, the switching speed decreased. Moreover, the maximum transmittance of the device in the transparent state, as well as the maximum reflectance in the reflective state also decreased. For example, after being kept in the bath for 604.8 ks, the device exhibited poor optical switching properties, with an approximate switching time of 720 s. In addition, the device had reflectance of only 18% in the reflective state and transmittance of 31% in the transparent state. When the device was kept in the bath for longer, it lost its optical switching properties. The bath conditions of 313 K and 80% relative humidity caused more rapid degradation of the device compared to the results from our previous research.
8 ) The device kept in the bath at a temperature of 313 K and relative humidity of 80% for 604.8 ks exhibited a slower switching speed than the device kept in the bath at a temperature of 303 K and relative humidity of 80% for 1.04 Ms. The attenuation of switching speed is associated with the degradation of the optical switching layer of Mg 4 Ni thin film, as characterized by optical microscopy, AFM and XPS. The Mg 4 Ni thin film layer seemed to change to a non-metallic state due to the humidity in atmosphere. As a result, the maximum reflectance at the reflective state of the device decreased as the holding time increased. Details of the degradation of the Mg 4 Ni thin film are presented in Section 3.2. in Fig. 4(c) . To study the environmental effects on the device further, we also investigated the relationship between the degradation of the device exposed to open air and the holding time. Here, the as-prepared device was kept under laboratory conditions at a temperature of 293 K and relative humidity of 40%. These parameters were controlled by an air conditioner in the laboratory. Figures 4(d) -(e) show the resulting surface images of the device. In contrast to the effects induced by the bath, the surface structure of the device exposed to open air was almost unchanged. The surface of the device was also evaluated by AFM. Figures 5(a)-(c) show AFM images of the device surface for various holding times. The as-prepared device had a smooth surface with surface roughness of R a ¼ 1:7 nm, as shown in Fig. 5(a) . However, grains on the surface became large with a surface roughness of R a ¼ 22:6 nm for the device kept in the bath for 950.4 ks. On the other hand, for the device kept in open air, the surface roughness of around R a ¼ 1:8 nm remained similar to that of the as-prepared device, as shown in Figs. 5(d)-(f) . These results suggest that high humidity as well as high temperature had an adverse effect on the surface of the device.
Surface state analysis by XPS
We confirmed the impact of the simulated environment on the degradation of the device by XPS analysis. Figure 6 shows the XPS spectra of the Mg 1s state for the device kept in the bath. The binding energies of each spectrum were referenced to the C 1s peak at 285.0 eV. The etching time of 0 s corresponds to the top of the surface of the device. An etching rate by Ar þ was approximately 0.1 nm/s. The reported Mg 1s peak position for the oxidized state is 1305.3 eV, while that of the metallic state is 1303.5 eV. 10, 11) The oxidized state of magnesium was observed not only for the device kept in the bath, but also as a naturally grown magnesium oxide layer on the surface of the as-prepared device. In addition, the inner part of the optical switching layer contained a mixture of metallic and oxidized states of magnesium. Thus, it appeared that the degradation of the layer gradually progressed with increasing bath duration. In particular, when the device was kept in the bath for 950.4 ks, the surface layer hardly degraded. The metallic state of magnesium almost disappeared in the surface layer, as shown in Fig. 6(d) . Furthermore, the layer showed a peak at approximately 1304.5 eV, which appeared to be related to the mixture of magnesium oxide and hydroxide states. 11) In our previous work, we confirmed the existence of magnesium hydroxide depended on relative humidity. 12) Although high relative humidity of 80% contributed to creating magnesium hydroxide, low humidity of 30% did not contribute even at high temperature of 323 K. The device showed only magnesium oxide and metallic magnesium state in the layer at lower relative humidity conditions. We speculate that magnesium oxide was formed as a result of the absorption of oxygen from the air, and that magnesium hydroxide might be formed by moisture in this work. The peak position of the Mg 1s state appeared to shift gradually to lower binding energy because of the longer holding time in the bath. This result suggests that the magnesium in the layer was first oxidized by air, as well as that the layer was then converted gradually to the hydroxide state by moisture, resulting in a mixture of oxide and hydroxide states of magnesium. Thus, the degradation appears to depend on the holding time in the simulated environment with high relative humidity. Moreover, rapider degradation of the magnesium inside of the layer than the surface of the layer was observed. This reason will be related to surface cracks on the as-received substrate. A substrate has some cracks on the surface due to the deposition conditions. Therefore, some cracks remained on the surface observed by optical microscope analysis after fabricating the device. Therefore, oxygen and moisture seemed easily to diffuse into the layer at the test. Thus, the degradation has progressed inside of the layer. Figure 7 shows the Ni 2p 3=2 XPS spectra for the device kept in the bath. The reported Ni 2p 3=2 peak position for the metallic state of nickel is 852.9 eV. 13) When the device was kept in the bath, the hydroxide state of nickel (856.6 eV) gradually appeared in the layer. 13) The layer consisted of a mixture of metallic nickel and nickel hydroxide, as shown in Fig. 7(d) . Although the increase of nickel hydroxide depended on the holding time in the bath, the peak position of nickel oxide (854.5 eV) was barely observed. 13) Furthermore, the Ni 2p peak was hardly observed for the surface of the device, and a small nickel peak was observed in the layer for the device kept in the bath. This result suggests that magnesium oxide is present predominantly near the surface, as shown in Fig. 6 . Thus, the degradation of magnesium in the layer appears to occur primarily in the early stage of the accelerated degradation test using the bath at high temperature and high humidity.
To solve the above problems, we applied a surface coating layer to the device in our recent work. 14) Although the surface coating layer can prevent degradation in the environment, its properties are not yet sufficient. It is necessary to investigate the relationship between the environment and the optical switching properties of the device to find a suitable surface coating layer, for example, finding better materials and fabrication methods. We will attempt to devise a suitable device structure with high durability and excellent optical switching properties in various environments. In particular, we plan to investigate the optical switching properties of the device below the freezing point. These details will be discussed in a future report.
Conclusions
We studied the relationship between the environment and the optical switching properties of an electrochromic switchable mirror in accelerated degradation tests using a thermostat/humidistat bath. The as-prepared device was kept in a bath at a constant temperature of 313 K and relative humidity of 80%. When the device was kept in the bath for many days, the optical switching properties of the device became worse than those of the as-prepared device. The device kept in the bath for 604.8 ks showed a reflective-to-transparent switching time of around 720 s. Furthermore, the device kept in the bath over 864 ks lost its optical switching properties. These results appeared to be related to environmentally induced degradation of the surface optical switching layer of Mg 4 Ni thin film. The surface layer became rougher and changed to non-metallic states of oxide and hydroxide, as characterized by optical microscopy, atomic force microscopy and X-ray photoelectron spectroscopy. The degradation mechanism depended on the bath conditions. In particular, the magnesium in the layer was first oxidized by air, and then the layer was changed gradually to the hydroxide state by moisture, resulting in mixture of oxide and hydroxide states of magnesium with increasing bath duration. In future work, aiming to develop a switchable mirror device for practical use, we will develop a new structure, for example, with a surface coating layer to avoid various environmental effects on the optical switching properties of the device.
